ABSTRACT. The life span of neonatal erythrocytes (60-80 days) is shorter than that of adult erythrocytes (120 days). We studied neonatal red blood cells separated on stractan density gradients to further characterize the aging process and to explore the possibility that senescence antigens play a role in the destruction of neonatal erythrocytes. Quantitation of membrane proteins 4.la and 4.lb served as a marker for cell age and confirmed an enrichment for senescent red cells in the most dense layers of the gradients. Despite the shorter life span of neonatal erythrocytes, cord blood contained a larger percentage of very dense, K+-depleted red cells than did adult blood. ATP levels in dense neonatal and adult cells were decreased to 50-80% of normal values for unseparated red cells. Levels of reduced glutathione did not fall with increasing cell density. Sodium dodecyl sulfate polyacrylamide gel electrophoresis of red cell membrane proteins showed increased membrane-associated globin in senescent neonatal cells, but such gels run without reducing agents did not show oxidative protein cross-linking. Membrane bound immunoglobulins were detected on senescent neonatal and adult red cells by the rosetting antiglobulin test. We conclude that senescence antigens are revealed during the aging process of neonatal erythrocytes, thereby labeling them for antibody-mediated destruction in the reticuloendothelial system. (Pediatr Res 23: 288-292, 1988) Abbreviations GSH, reduced glutathione SDS, sodium dodecyl sulfate PAGE, polyacrylamide gel electrophoresis BSKG, buffered saline with potassium and glucose EA, erythroctye antibody DTT, dithiothreitol RBC, red blood cells Normal human red cells undergo a nonrandom, age-dependent process of removal from the circulation; the most aged or senescent cells are selectively destroyed (1). The sequence of events that targets the senescent erythrocyte for destruction is not completely understood, but recent work has suggested that aging of adult red cells is associated with the exposure of cryptic, senescence antigens on the exterior surface of the red cell membrane (2-6). Such antigens are then recognized by autologous immunoglobulins, thus facilitating the removal of aged cells by the macrophages of the reticuloendothelial system (2-6).
not completely understood, but recent work has suggested that aging of adult red cells is associated with the exposure of cryptic, senescence antigens on the exterior surface of the red cell membrane (2) (3) (4) (5) (6) . Such antigens are then recognized by autologous immunoglobulins, thus facilitating the removal of aged cells by the macrophages of the reticuloendothelial system (2-6).
The life span of neonatal red cells is significantly shorter than that of adult red cells. While adult erythrocytes survive in the circulation for 120 days, fetal cells survive only 60-80 days (7) (8) (9) . The mechanisms underlying the shorter survival are unknown, but cross-transfusion experiments have indicated that the decreased life span is intrinsic to the fetal cell, rather than a feature of the fetal circulation (8) .
Recently, Matovcik et al. (10) studied density-separated red cells and showed that the aging process of human neonatal erythrocytes is associated with a more rapid loss of membrane surface area than is the case with adult red cells. The loss of surface area was demonstrated to have a significant detrimental effect on cell deformability. Herein, we extend these studies of neonatal red cells to further characterize the aging process and to explore the possibility that senescence antigens play a role in the destruction of neonatal erythrocytes.
MATERIALS AND METHODS

Materials.
Electrophoresis reagents were purchased from BioRad Laboratories, Richmond, CA and stractan (arabinogalactan) from Sigma Chemical Co., St. Louis, MO. Reagents for the ATP assay were obtained from Packard, Downers Grove, IL.
Blood collection and density separation. Venous blood was collected from adult volunteers and cord blood was drawn from placental vessels under a protocol approved by the Committee on Human Experimentation, University of California San Francisco. Blood was anticoagulated in acid citrate dextrose at 4" C. Within 4 h of collection, leukocytes and platelets were removed by passing blood through columns of a-cellulose and microcrystalline cellulose ( 1 1). The red cells were then washed three times in BSKG (132 mM Na C1, 5 mM KCl, 10 mM Na HPO,, 11 mM glucose, 290 mosmol, pH 7.4) and separated according to their buoyant density by discontinuous stractan density gradient centrifugation as described by Corash et al. (12) Metabolic intermediates. ATP was extracted from red cells with perchloric acid (15) and quantitated using the Packard luciferase chemiluminescence assay. GSH was measured according to Beutler (15) .
Analysis of red cell membrane proteins. Red cell ghosts were prepared by hypotonic lysis at 4" C in 40 volumes of 5 mM sodium phosphate buffer, pH 8, with 0.2 mM phenylmethylsulfonyl fluoride and 1 mM diisopropylfluorophosphate to inhibit proteolysis. After lysis the cells were washed four more times with cold lysing buffer before dilution in SDS sample buffer (1 6). Fairbanks nonlinear 3.5-17% polyacrylamide gradient SDS slab gels were used for electrophoretic separation of erythrocyte membrane proteins (17) . Proteins 4.la and 4.lb were separated in SDS-PAGE (7% acrylamide) according to Laemmli (16) and quantitated by pyridine elution of the Coomassie-stained bands (18) .
Detection of membrane-bound immunoglobulin.
To detect the presence of antibody on density-separated erythrocytes we used the rosetting antiglobulin test (1 9). In this assay, the detection of small numbers of membrane-bound IgG molecules is based on the affinity between the Fc portion of the IgG molecules and the Fc receptors on the myeloid cell line K562. This interaction causes the formation of EA rosettes. More than 5% EA rosettes indicates significant immunoglobulin binding, and the percentage of such rosettes correlates with the propo1-tion of test red cells bearing immunoglobulins (19) .
RESULTS
To document the relationship between red cell density and cell age, we counted reticulocytes and determined the relative quantities of membrane protein 4. la and 4. l b in density-separated erythrocytes. Stractan density gradient centrifugation routinely yielded a 5-to 10-fold enrichment in reticulocytes in the lightest cell layers. Because cord blood reticulocyte counts are higher than those found in normal adult blood, the percentage of reticulocytes in the lightest layer of density-separated neonatal cells (13.5-53.8%) was more than that present in the lightest layer of adult cells (1.5-7.6%). In addition, in both adult and neonatal erythrocytes, increasing cell density was associated with an increasingly greater percentage of protein 4. l a (Fig. 1) .
Neonatal red cells showed greater heterogeneity in buoyant density than adult red cells. Cord blood reproducibly contained an increased percentage of low density erythrocytes as well as an increased percentage of very high density cells. The density distribution of adult and neonatal erythrocytes from representative density gradients is shown in Figure 2 .
The cation content of density-separated red cells is shown in Figure 3 . As expected, increasing cell density was associated with a decreasing total cation content. In neonatal cells, the drop in K' was striking, from 133.3 k 14.2 mEq/l0I3 RBC in the lightest cell fraction to only 58.5 f 3.8 mEq/l0I3 RBC in the densest cell fraction. Na' increased from 9.5 + 2. Red cell ATP levels were decreased in the most dense fraction of adult and neonatal red cells to 50-80% of normal values for unseparated cells (Fig. 4) . Red cell GSH levels were higher in cord blood than in adult blood (6.74-9.55 versus 6.09-6.76 mg/ lOI3 RBC) and no decrease in GSH was detected in the most dense erythrocytes (n = 3).
SDS-PAGE of membrane proteins showed a greater amount of globin in thoroughly washed neonatal membranes than in RED CELL DENSITY (g/ml) adult membranes. As shown in Figure 5 , the membrane-associated globin was concentrated in the most dense neonatal red cells. Fairbanks SDS-polyacrylamide gels were also run without the reducing agent DTT and no protein-cross-linking was identified (data not shown).
Density-separated erythrocytes were assayed for bound IgG antibodies by the rosetting antiglobulin test. As previously shown by Galili and coworkers (4-6), IgG was detected in the most dense fractions of adult red cells. Neonatal red cells yielded similar results, with immunoglobulins detected only on cells from the most dense layers of the gradients (Fig. 6) . The percentage of EA rosettes found with dense neonatal cells was less than that found with dense adult cells.
DISCUSSION
In using density gradient centrifugation to isolate subpopulations of "senescent" red cells from adult and neonatal blood, we carefully considered the potential pitfalls of the technique. A number of investigators have suggested that normal human red cells may not undergo a uniform loss of hydration during their life span in the circulation (1, 20) . If so, the densest red cells need not be the oldest. Prior studies of density-separated neonatal red cells have used reticulocyte counts and "age-related" erythrocyte enzyme levels to evaluate the relationship between density and cell age (2 l), but Beutler (22) has shown that the major loss of red cell enzyme activity occurs during reticulocyte maturation. Thus, demonstrating a correlation between erythrocyte enzyme levels and density may confirm an enrichment of young cells at the top of a density gradient, but may not define the relative age of denser cells. Recently, studies of red cells from mouse and from man have suggested that the ratio of protein 4.la to 4.lb is an internal aplasia have exceptionally high ratios of 4.la to 4.lb indicate marker of cell age; as erythrocytes circulate, progressively more that this ratio reflects the aging process of mature red cells as protein 4. l a is present in the cells (23, 24) . The findings of well as the process of reticulocyte maturation. We have demonRavindranath et al. (24) that children with transient red cell strated that stractan density gradient centrifugation yields sub-populations of erythrocytes with relative quantities of protein 4.la which increase with increasing cell density; cells from the most dense layers of the gradient (density > 1.1 10 g/ml) have the greatest amount of 4. la. These data indicate that such density separations provide subpopulations of red cells enriched for senescent erythrocytes. Nevertheless, enrichment for senescent cells does not rigorously exclude the possibility that some properties observed in the densest cell layers could be those of dense cells that are not aged, rather than those of senescent cells. This potential pitfall will only be resolved by the development of improved methods for purifying senescent erythrocytes.
The marked heterogeneity in buoyant density of neonatal red cells was a consistent finding of this study. The greater number of low density cells in cord blood compared to adult blood, reflects the increased reticulocyte count and relative youth of the neonatal red cell population. The increased percentage of very dense erythrocytes is less readily explained, particularly in light of the shorter life span of neonatal red cells. Our measurements of monovalent cation content showed the expected drop in intracellular K+ through increasingly dense layers of the gradients. These data suggest the possibility that some neonatal erythrocytes, particularly those with buoyant density > 1.1 10 g/ ml, lose K' (and consequently water) more rapidly than other red cells. ATP levels in the most dense erythrocytes were only modestly depressed, suggesting that significant metabolic depletion is not an explanation for the putative excessive K+ loss.
Previous studies of cell volume regulation in unseparated neonatal red cells have demonstrated normal Na+-K+ ATPase activity and normal active cation transport (25, 26) . Information concerning cation transport in density-separated neonatal red cells is not yet available.
Red cell ghosts produced by hypotonic lysis of neonatal red cells retained more globin than adult red cell ghosts. The striking concentration of globin in membranes prepared from the most dense erythrocytes suggests that the association of hemoglobin with the membrane is a feature of neonatal erythrocyte aging. The precise nature of such an interaction remains to be determined. In other settings, dehydration and increased membranebound hemoglobin is thought to predispose the cell membrane to oxidative damage (27) . For this reason we compared the pattern of membrane proteins separated by SDS-PAGE with and without the reducing agent DTT. Inspection of these gels revealed no abnormal protein bands in membranes of density-separated neonatal erythrocytes. The fact that levels of GSH were preserved in dense neonatal red cells might explain in part this negative finding because this compound plays an important role in preventing the oxidation of sulfhydryl groups on membrane proteins (28) . However, Snyder et al. (29) have detected irreversible spectrin-hemoglobin cross-linking in senescent adult erythrocytes despite normal intracellular concentrations of GSH. Methodological differences may account for the apparent absence of the spectrin-hemoglobin bands on our gels.
Using the rosetting antiglobulin test, we have demonstrated that immunoglobulins are bound in vivo to the surface of senescent neonatal erythrocytes. The immunoglobulins on these neonatal cells presumably target them for efficient clearance by the macrophages of the reticuloendothelial system. Galili et al. (4) (5) (6) have shown a-galactosyl specificity in the binding of autologous IgG to dense adult erythrocytes. In addition, the antia-galactosyl antibodies have been identified previously in cord blood (4) . Thus, while the antigen specificity of the immunoglobulins bound to senescent neonatal red cells remains to be confirmed, we speculate that the antibodies are of maternal origin and similar to those present on dense adult erythrocytes. The lesser percentage of EA rosettes formed by dense neonatal erythrocytes, compared to dense adult erythrocytes, may reflect differences in the percentage of cells bearing immunoglobulin or in the number of immunoglobulin molecules bound to senescent cells. Alternately, the striking loss of deformability characteristic of senescent neonatal erythrocytes (10) may impair their ability to form rosettes.
The sequence of events that leads to the shorter survival of neonatal red cells remains to be defined. Two potentially lethal defects have now been identified in subpopulations of neonatal erythrocytes enriched for senescent cells. The first defect is a significant decrease in cell deformability that is primarily due to a marked loss of surface area (10) . The second defect is the presence of bound immunoglobulin on the cell surface. Either defect alone might be sufficient to hinder splenic passage and promote phagocytosis by macrophages. Thus, the relative contribution of each to the demise of neonatal erythrocytes is unknown.
